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Climate change is generating both sustained trends in average temperatures and higher frequency and intensity of extreme events. This poses a serious threat to biodiversity, especially in vulnerable environments, like alpine systems. Phenotypic plasticity is considered to be an adaptive mechanism to cope with climate change in situ, yet studies of the plastic responses of alpine plants to high temperature stress are scarce. Future weather extremes will occur against a background of warmer temperatures, but we do not know whether acclimation to warmer average temperatures confers tolerance to extreme heatwaves. Nor do we know whether populations on an elevational gradient differ in their tolerance or plasticity in response to warming and heatwave events. We investigated the responses of a suite of functional traits of an endemic Australian alpine herb, Wahlenbergia ceracea, to combinations of predicted future (warmer) temperatures and (relative) heatwaves. We also tested whether responses differed between high- vs. low-elevation populations. When grown under warmer temperatures, W. ceracea plants showed signs of acclimation by means of higher thermal tolerance (Tcrit, T50, and Tmax). They also invested more in flower production, despite showing a concurrent reduction in photosynthetic efficiency (Fv/Fm) and suppression of seed production. Heatwaves reduced both photosynthetic efficiency and longevity. However, we found no evidence that acclimation to warmer temperatures conferred tolerance of the photosynthetic machinery to heatwaves. Instead, when exposed to heatwaves following warmer growth temperatures, plants had lower photosynthetic efficiency and underwent a severe reduction in seed production. High- and low-elevation populations and families exhibited limited genetic variation in trait means and plasticity in response to temperature. We conclude that W. ceracea shows some capacity to acclimate to warming conditions but there is no evidence that tolerance of warmer temperatures confers any resilience to heatwaves.
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INTRODUCTION

Global climate change is threatening biodiversity and increasing extinction risk across diverse taxa and natural systems (Williams et al., 2008). Climate change is manifested as both gradual rises in average temperatures and increased frequency of extreme weather events such as heatwaves (rare and intense climatic conditions; Harris et al., 2018). A heatwave is an extreme weather event in which air temperatures are substantially elevated above the mean for several consecutive days; these events are predicted to continue to increase in frequency, intensity (+3°C) and duration into the future (Cowan et al., 2014). Extreme events in concert with the sustained increase of mean temperature will likely affect species abundance and persistence, as well as interactions, and thus may affect community and ecosystem structure, function and food webs (Grimm et al., 2013; Wernberg et al., 2013; Kortsch et al., 2015; Harris et al., 2018).

Extreme events may exert stronger selection pressures on natural populations of plants and animals than more gradual, sustained changes in mean climatic parameters (Reyer et al., 2013; Kingsolver and Buckley, 2017). Heatwaves are associated with decreased biomass production and survival in plants (French et al., 2017; 2019). Previous studies have shown that plants can withstand heatwave events (Hoover et al., 2014; Poirier et al., 2012), but are negatively affected when heatwaves are concurrent with other stressors such as drought (De Boeck et al., 2016). Although heatwaves in future will occur in conjunction with warmer mean temperatures, to the best of our knowledge, the interaction between gradual warming and extreme heatwaves has only been investigated in two studies. Aspinwall et al. (2019) found that Eucalyptus species were more susceptible to heatwaves if grown under warmer temperatures, while Drake et al. (2018) found no differences in tolerance of heatwaves when Eucalyptus parramattensis was grown in warmer environments. Thus, to date, relatively little is known about the combined impact of exposure to both rising mean temperature and extreme events, or the extent to which exposure to the former might confer some form of resilience to the latter.

The effect of climate change is also expected to be stronger in vulnerable environments, such as alpine ecosystems (i.e., the portion of a mountain above the treeline), where mean air temperatures have increased twice as fast as lowland environments during the last century (Gobiet et al., 2014). Species endemic to alpine environments are further restricted by physical limitations on dispersal (Lara-Romero et al., 2014; Morgan and Venn, 2017), such that high elevation species may be increasingly confined to ever higher mountain peaks. These species are predicted to be progressively replaced at lower elevations by invasive or more competitive species from warmer sites as temperatures rise, and in some places species composition changes have already occurred (Pauli et al., 2012; French et al., 2017; Steinbauer et al., 2018). Further, to our knowledge, no study has looked at the interactions between warmer temperatures and heatwaves in alpine plants.

Within alpine environments, elevation is a key driver of climatic differences. While microclimatic conditions can vary at the same elevations because they are modulated by interactions of topographic and abiotic factors (Körner, 2003), climatic trends can be identified along elevation gradients. For example, solar radiation under a clear sky increases with elevation, while air temperature, atmospheric pressure, mineralization processes in the soil, and plant evapotranspiration all decrease (Körner, 2003, 2007). Snow cover lasts for longer at higher elevations, resulting in shorter growing seasons (spring and summer; Körner, 2003). It is therefore plausible that intraspecific phenotypic differentiation and adaptation occur between relatively high and relatively low elevation populations of alpine species (from now on, high- and low-elevation populations). Indeed, intraspecific trait differentiation along altitudinal gradients has been found in several plant species in morphology, phenology and growth (Vitasse et al., 2014; Nicotra et al., 2015; Halbritter et al., 2018). However, it is still not clear whether high- and low-elevation populations, adapted to their local climate, may also respond differently to the ongoing climate warming (Frei et al., 2014a; Vitasse et al., 2014; Hernández-Fuentes et al., 2015; Nicotra et al., 2015) or to weather extremes such as heatwaves.

Despite lower air temperatures at high elevations, alpine plants are frequently exposed to heat stress. Air and leaf temperatures are often decoupled: leaf temperatures can be up to 20°C above ambient temperatures on bright and warm days (Salisbury and Spomer, 1964). Higher solar radiation at high elevation exacerbates the decoupling because of passive warming by radiative heat, especially for metabolically active leaves (Körner, 2003). The leaf-air temperature decoupling is considered an adaptation to low air temperatures, since some typical alpine plant growth forms (prostrate and cushion) work as heat traps (Salisbury and Spomer, 1964; Körner, 2003; Buchner et al., 2015), but it may also expose plants to overheating (Buchner et al., 2015). Despite the frequency of heat stress events in alpine environments and the alarming threat imposed by climate change (both of which are accelerating), we currently know little about the ecophysiological responses of alpine plants to heat stress (Geange et al., 2021). To some extent, intraspecific variation in functional traits and plasticity over elevation gradients may alleviate the impact of climate change by providing standing genetic variation upon which selection can operate. Therefore, understanding how local adaptation influences plant responses to climate change is important to accurately predict resilience of alpine plants and the fate of alpine environments.

Phenotypic plasticity, defined as the capacity of individuals (or genotypes) to produce different phenotypes under different environments (Bradshaw, 1965), is commonly assumed to be an adaptive mechanism to cope with changing environmental conditions and persist in situ. Plastic changes have been documented for several plant functional traits under warming conditions (e.g., Atkin et al., 2006; Nicotra et al., 2008; Cochrane et al., 2015). Flowering time is frequently observed to shift to earlier in spring for most species under warmer temperatures (Frei et al.,2014a,b; Gugger et al., 2015). When water is not limiting, many plant species may benefit from mildly higher average growing temperature in terms of increasing above-ground biomass, which is constrained at low temperatures (De Frenne et al., 2011; Frei et al., 2014b; Rodríguez et al., 2015). The effect of warmer temperatures on plant reproduction (fitness) is highly species-specific, where some species increase flower production with higher temperatures (Frei et al., 2014a), others decrease (Scheepens and Stöcklin, 2013), or are unaffected (Choi et al., 2019). Seed production is less commonly used as fitness proxy in response to thermal stress, but studies on agricultural plants demonstrate that warming or heat stress during flowering strongly reduces seed production and individual seed weight (Young et al., 2004; Hampton et al., 2013; Alsajri et al., 2020), which can negatively affect seed viability and germination (Ledgard and Cath, 1983; Veselá et al., 2020; Ge et al., 2020).

The physiological status of plants, as well as the efficiency and rate of photosynthesis, can be measured using chlorophyll fluorescence that takes advantage of the light re-emitted as fluorescence to estimate the amount of light used in photosynthetic reactions, given that the two processes are antagonistic (Maxwell and Johnson, 2000). The basal chlorophyll fluorescence (F0, measured in the absence of photosynthetic light) measured while leaves are gradually heated generates temperature-fluorescence curves (T-F0 curves) to investigate thermal tolerance of plants. The critical temperature (Tcrit), corresponding to the temperature where a spike in F0 occurs, and T50 and Tmax, respectively the temperature at 50 and 100% relative F0, are thermal metrics associated with damage to the photosynthetic machinery and represent upper thermal limits of plant tolerance (Neuner and Pramsohler, 2006; Ducruet et al., 2007; Ilík et al., 2007). Thermal safety margins (the difference between Tcrit and maximum temperatures during treatments) can then be used to infer species’ vulnerability to climate change (Leon-Garcia and Lasso, 2019) because they identify temperature ranges that can significantly reduce species performance.

Plastic increases in Tcrit are associated with acclimation to higher temperatures (higher thermal tolerance) in many plant species (Downton et al., 1984; Weng and Lai, 2005; Buchner et al., 2017). In some cases, increases in Tcrit and Tmax can be induced after just a few minutes under high temperatures (Havaux, 1993), potentially giving resilience to short term fluctuations. Such plasticity is not universal; indeed, while for many plant species from different environments Tcrit can rise by up to 9°C under warmer temperatures (Downton et al., 1984; Buchner et al., 2017), for others changes in Tcrit are not observed, probably meaning that the plant is already operating close to its thermal limits in its natural environment (Krause et al., 2010, 2013). To our knowledge, no study has investigated the effect of a simulated heatwave on T-F0 parameters and it is still not clear whether the potential acclimation and plasticity in Tcrit or Tmax that some species demonstrate under warmer growth temperatures will enable them to cope better with heatwaves, especially in ecosystems that are most vulnerable to climate warming.

In this study, we examined plastic responses to climate warming and extreme heatwaves of an Australian endemic alpine herb, Wahlenbergia ceracea, from an elevation gradient. In Australia, the mean temperature has risen by 0.5°C since 1970 and is projected to increase up to 5°C by 2,100 (Harris et al., 2018). We grew plants in conditions mimicking historical and future (projected for 2,100) temperatures of the Australian Alps (Harris et al., 2016). During this period, half the plants in each treatment were also exposed to a heatwave (+5°C above their temperature treatment for 5 days). We measured a range of functional traits pertaining to the biology and ecology of the species, and used these measures to: (1) characterize plastic responses of W. ceracea families in response to warming and/or extreme heatwaves; (2) test for differences between high- and low-elevation populations in their plastic responses to temperature and heatwaves; and (3) evaluate whether there is variation in the extent of plastic responses between families (intraspecific variation in plasticity).



MATERIALS AND METHODS


Study Species

Wahlenbergia ceracea Lothian (Campanulaceae; ‘waxy bluebell’) (Figure 1) is a short-lived perennial/biennial herb that grows in moist sites on high elevations in alpine and sub-alpine environments (Nicotra et al., 2015). This species is an Australian endemic that grows over a wide elevation gradient (1,550–2,100 m; Atlas of Living Australia, 2020) in Australian alpine regions. This species is hermaphroditic and facultatively autogamous, however, rates of autogamy in the wild are unknown. W. ceracea can be 10–60 cm tall and usually grows among shrubs and grasses in grassy herbfields above the treeline or in inverted treeline valleys and floodplains. From a previous investigation by Nicotra et al. (2015), W. ceracea plants grown at relatively warm temperatures (30/20°C day/night) emerge earlier, grow taller, and produce more leaves and capsules than individuals grown at relatively cool temperatures (20/10°C day/night). Individuals from lower elevations also express higher levels of plasticity compared to higher elevation conspecifics (Nicotra et al., 2015).
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FIGURE 1. Day temperatures and photoperiod across the duration of the experiment. Toward the middle of summer individuals were exposed to a 5-day heatwave treatment (solid lines), while control individuals remained under constant conditions of a historical and future scenario (dotted lines). Light blue = historical climate scenario; red = future climate scenario; yellow = photoperiod. To ease the view of the lines, which would be otherwise overlapping, 0.2°C were added to the groups “Historical – No heatwave” and “Future – No heatwave” only for the purposes of drawing the graph. Inset: Wahlenbergia ceracea. Credit: T Hayashi, February 2015, Kosciuszko National Park.




Parental (F0) Seed Collection and Crossing to Generate F1

Seeds of W. ceracea were collected directly from capsules of plants in the field during two spring collection trips in mid-March 2015 and mid-April 2016, to form a base (F0) generation. The natural elevational range of the species was divided in two to select seeds from relatively low (1,590–1,765 m a.s.l.) to high (1,837–2,095 m a.s.l.) elevation populations, from Charlotte’s Pass up to Mount Kosciuszko (NSW, Australia), from plants that were growing at least 50 m apart. Individuals from these two elevation ranges have small, but significant genetic differentiation (Nicotra et al., 2015).

To minimize maternal effects and to ensure that each individual resulted from an outcross rather than self-cross of the mother plant, we generated an F1 generation by crossing F0 individuals. The F0 seeds (five seeds per pot from 100 plants, then reduced to one plant per pot) were grown from 20th July 2016 in soil in the glasshouse under controlled conditions of 20/15°C day/night, under natural photoperiod and then lights as natural daylight decreased. To maintain differences associated with elevation, we crossed F0 plants that on average differed in elevation by 21 m (minimum difference = 0 m, maximum difference = 48 m) but were not less than 50 m distance apart (altitudes where parental F0 seeds were collected and spatial distance of each parental pairs are presented in Supplementary Table 1). Parents of each family were on average 2.33 km apart. There were 65 F0 crosses that produced F1 seeds, and 52 of them were successful with at least 500 F1 seeds produced. Below, we refer to each cross as a family. From these, we chose the 15 families from the highest elevation crosses, and 15 from the lowest elevation crosses; these F1 families constitute full siblings.



Plant Materials, Growth Conditions and Temperature Treatments

We sowed seeds of each family in seed raising mix in 50 mm diameter pots (three seeds per pot) that were then placed in two growth chambers (Phoenix room; Phoenix Research, Envirotec Pty. Ltd.; SA, Australia) at 25/15°C day/night to encourage early growth (12/12 h day/night length; photosynthetically active photon flux density (PPFD) = 330 μmol s–1 m–2; RH = 70 ± 10%). Four to six weeks after germination, when the diameter of the rosette (tip-to-tip between the largest two leaves) was at least 15 mm, we selected 12 seedlings from each family and transplanted them into larger pots (80 mm × 80 mm). For each family, seedlings of similar size were paired and then randomly allocated: one of each pair to each of two temperature treatments, which was repeated until all 12 seedlings in a family had been allocated to the two temperature treatments (2 elevation × 15 families × 2 temperatures × 6 replicate individuals = 360 plants). Within each chamber, we randomly assigned plants to one of three blocks, corresponding to different positions in the chamber. Each block contained two trays with one replicate of each family (five rows × six columns in each tray). Plants were given 7 days to recover from transplant shock before the historical and future climate scenario conditions were applied: one growth chamber with the ‘historical’ climate, and one growth chamber with the ‘future’ climate. Day 1 of the experiment is taken as the day on which the temperature treatments were applied.

Treatment temperatures (Supplementary Table 2 and Figure 1) were based on projections made using the Coupled Model Intercomparison Project Phase 6 (CMIP6) using the worst-case climate scenario (Representative Concentration Pathways, RCP8.5; Harris et al., 2014). The historical scenario treatment corresponds to the base period in the projection (1960–1970), while the future scenario treatment corresponds to the projected period (2090–2100). We call the baseline period ‘historical’ because it reflects the recent climate to which natural systems are adapted to according to the World Meteorological Organization (WMO), although some changes in temperature have clearly happened since then (Harris et al., 2014). We averaged the base and projected maximum and minimum 10-year temperatures in 15-day intervals. We then corrected day temperatures to account for the difference between air and leaf temperature (see Salisbury and Spomer, 1964 and Supplementary Material) thus generating inside the chambers leaf temperatures experienced in the field. Temperature conditions in the growth chambers were then changed fortnightly, based on the averaged maximum (day) and minimum (night) historical base and future projected temperatures. Projected conditions resulted in higher temperatures (summer maximum day temperature: historical scenario = 24°C; future scenario = 29°C) and in a longer growing season (summer peak temperatures lasted 30 days under historical and 60 days under future scenario). Other conditions were held constant for both chambers (relative humidity = 80%; PPFD = 330 μmol s–1 m–2). The focus of this experiment was plastic responses to temperature in isolation, therefore plants were watered to saturation daily, twice per day during the seedling stage and the warmest weeks, under all treatments to ensure they were not water stressed. The experiment started with temperatures mimicking late spring (November) and finished with temperatures mimicking early autumn (early April). To induce senescence in the plants, we also changed day length in concert with each temperature change (Supplementary Table 2 and Figure 1), according to the relative period of the year. We note that since the growth chambers could not cope with large differences between day and night temperatures (which are typical of the Australian climate) for the future scenario, the night temperature was held at 20°C during the warmest weeks (Supplementary Table 2 and Figure 1). Selected night temperatures (Supplementary Table 2) depended on the chambers capacity to reach those temperatures and maintain temperature excursion between night and day.

In the middle of the experimental summer, we exposed half the plants in each temperature treatment to a heatwave. One tray per block from each growth chamber was transferred to one of two ‘heatwave chambers’ (TPG-2400-TH; Thermoline Australia Pty Ltd.; NSW, Australia), which was set to +5°C above the growth chamber’s temperature (29/17°C day/night for historical climate scenario, and 34/25°C for the future climate; Figure 1); other conditions were identical to the growth chambers. Trays were moved to the heatwave chamber sequentially starting day 88 and ending day 94 of the experiment, and then remained in the heatwave chambers for 5 days (heatwave: ‘hw’), after which they were moved back to their original growth chambers; the last group of plants therefore left the heatwave chambers on the 98th day of experiment. All non-heatwave (‘no hw’) plants remained in their original growth chambers throughout this time (Figure 1). From day 100 onward, plants continued in the future vs. historical climate conditions, and the experiment was ended at day 191 (from when the temperature treatments were first applied).



Traits Measured

We measured a range of phenotypic traits reflecting different aspects of the phenology, physiology, growth and reproduction of W. ceracea. Measures were made on a total of 321 plants (out of the 360, see above) because 39 individuals died prior to exposure to the heatwaves.


Thermal Physiology

Chlorophyll content was measured by means of a SPAD-meter (SPAD-502; Konica Minolta, Inc., Tokyo, Japan) on the same day that the plant produced its first flower (maturity), therefore before the heatwave treatment. Measurements were taken as the average value of three spot measurements on the youngest fully-expanded green leaf from the main stem.

After the 5-day heatwave treatment, we removed one leaf per plant from both heatwave and non-heatwave plants to measure the potential quantum efficiency of photosystem II (Fv/Fm) and the temperature dependence of basal chlorophyll fluorescence. Harvested leaves were placed on a Peltier plate (CP-121HT; TE Technology, Inc., Traverse City, MI, United States) set to a constant ambient temperature (21 ± 1°C) and leaves were dark-adapted for 30 min.

After dark adaptation, we measured minimum chlorophyll fluorescence (F0) (i.e., fluorescence in absence of photosynthetic light) and maximum fluorescence (Fm) (i.e., fluorescence after delivering to a saturating pulse for a short duration). Chlorophyll fluorescence was measured by means of a chlorophyll fluorescence imaging system (MAXI-Imaging-PAM; Heinz Walz GmbH, Effeltrich, Germany). We used the initial F0 and Fm parameters to calculate Fv/Fm as the ratio of (Fm − F0)/Fm (n = 276). Unfortunately, the Fv/Fm measurements for 43 individuals were not recorded due to software errors.

After measuring Fv/Fm, we raised the temperature of the Peltier plate from 21 to 60°C at a heating rate of 60°C h–1 (Schreiber and Berry, 1977; Arnold et al., 2020). We recorded F0 values every 10 s. The temperature of the leaf samples was measured using two type-T thermocouples that were attached to the underside of two randomly selected leaves. We logged the thermocouple data using a dual-channel data logger (EL-GFX-DTC; Lascar Electronics Ltd., Salisbury, United Kingdom). The average temperature of these two thermocouples was then used for all subsequent temperature calculations.

We visualized the temperature-fluorescence (T-F0) curves and extracted values for critical hot temperature (Tcrit), the temperature at 50% fluorescence (T50) and the temperature at maximum fluorescence (Tmax) values using the R Environment for Statistical Computing v3.5.2 (R Development Core Team, 2019) (Supplementary Figure 1). Tcrit (n = 319) corresponds to the inflection point in the curve, i.e., the temperature at which an abrupt increase in F0 is observed. We extracted Tcrit as the intersection between the two straight lines tangential to the flat and steep part of the curve, using a break-point regression analysis conducted with the ‘segmented’ R package (Muggeo, 2017). For those curves that reached a maximum F0 and then declined (n = 300) we were able to extract Tmax and T50. We included in the analysis the 19 individuals that did not reach a maximum F0 considering them as having Tmax = 61°C and calculating their T50 (see Supplementary Material). Removing those 19 individuals from the analysis did not change the pattern of the results.

We measured thermal safety margins for each individual as the difference between their Tcrit and the maximum temperature they experienced under the respective treatment (historical/no heatwave = 24°C; future/no heatwave = 29°C; historical/heatwave = 29°C; future/heatwave = 34°C).

Additional information about the Peltier plate and chlorophyll fluorescence imaging system and data extraction can be found in the Supplementary Materials of this paper and in Arnold et al. (2020).



Phenology, Longevity and Biomass

Flowering onset was recorded as the day since the imposition of historical and future scenarios treatments on which the first flower opened (n = 295 plants). Flowering phenology was recorded every day during the first 56 days, then as flowering rate declined, plants were checked every 10 days for the next 35 days. Sampling for flowering onset was ended at the beginning of the heatwave treatment. Of the 26 individuals (8.1%) for which we do not have phenological data, eight (2.5% of the total) did not flower, while 18 plants (5.6% of the total) flowered after the heatwave imposition and were included in the analysis as flowering on the 98th day (corresponding to 1 week after the last sampling event that happened on the 92nd day). Individuals recorded as flowering on day 98 were evenly spread among climate scenarios, however, 14 out of 18 were from low elevations. 12 families had at least one such individual; family F1.118 had three unsampled individuals and family F1.125 had four.

After the heatwave we recorded the day of death of all the individuals that died before the end of the experiment. Longevity following the heatwaves was monitored every 3–4 days throughout the experiment. The exception to this was the first 3 weeks after the heatwave period, for which detailed mortality dates were not recorded. For the 49 plants that died in this 3 weeks period, we assigned them an estimated death date of 11 days (Exclusion of these plants from the analysis did not change the conclusions). Longevity was defined as days since the end of the heatwave (n = 321).

Of the total 321 plants that were alive at the time of the heatwave treatment, 161 plants died prior to the end of the experiment. Of these, most plants died after the changing of photoperiod, which was progressively reduced starting from the 149th day (Supplementary Table 2 and Figure 1). Death of these plants was therefore mostly due to either the effect of our temperature treatments or to senescence. For the remaining 160 plants, at the end of the experiment (at 191 days since the imposition of climate treatments), we harvested the above-ground organs of all the plants that were still alive, placed them in bags and dried them at 70°C for at least 72 h, and then weighed the above-ground biomass. Therefore, we only measured the above-ground biomass on those individuals that survived until the end of the experiment.



Reproduction

We recorded the total number of flowers that each plant produced during the experiment and collected all seed capsules when these were mature. Seed capsules were stored in seed envelopes and stored in a desiccator for at least 36 weeks.

At the end of the experiment, we measured the total seed mass of the 236 plants that produced seed. We weighed three replicates of 50 seeds, calculated the average mass of 50 seeds and then obtained the average individual seed weight by dividing it by 50 (n = 233 plants). We estimated the total number of seeds produced (total seed production, n = 318) by one of three ways: (i) for the individuals with estimates of average individual seed weight, as the ratio between total seed mass and average individual seed weight; (ii) for seven individuals that produced fewer than 50 seeds, seeds were counted directly and the average individual seed weight was obtained as the ratio between total seed mass and total seed production; and (iii) for the 85 individuals that did not produce any seeds we assigned values of zero (results of the analysis without this last set of individuals are presented in Supplementary Table 3). Three individuals had unrealistically large estimates of the total seed production and were removed from the analysis. We also analyzed the probability of producing any seeds, assigning zero to individuals that did not produce seeds (85 individuals) and 1 to those that did (236 individuals).



Statistical Analysis

All traits were analyzed using linear mixed effect regression models fit by restricted maximum likelihood using the lmer function in ‘lme4’ R package (Bates et al., 2015) in R v3.5.2. Flowering onset and total seed weight were natural log-transformed before the analysis to obtain an approximately normal distribution, while Fv/Fm was multiplied by 10. The fixed effects were elevation (‘high’ or ‘low’), climate scenario (‘historical’ or ‘future’), heatwave (‘no heatwave’ or ‘heatwave’), the interactions between these factors and block (3 blocks), whereas random effects were ‘family’ (30 families) and ‘position’ within the block (30 positions). We fitted position as a random effect because plants that were at the edges of blocks experienced less shading and lower competition for light than plants in the middle, whereas plants in the middle of blocks may have received on average more water because of pooling on the benches. There was evidence for significant variance in the effect of position for longevity and biomass, and it explained a small amount of variance for the other traits. Therefore, we do not think position has affected the pattern of results. We removed random effects from the model structure when explaining zero variance: ‘family’ for Fv/Fm and Tmax and ‘position’ for seed production and individual seed weight.

We tested for all interactions, but as three-way interactions were never significant, we examined only two-way interactions (climate scenario × heatwave, elevation × climate scenario, elevation × heatwave); this is referred to as the ‘full random-intercept model’ from now on. Given that unconditioned main effects are incorrectly predicted when interactions are included in the model (because interactions contain the main effects they are composed of and because regression coefficients for one factor are estimated considering the other factors to be zero) we used models without any interactions between the main effects. To define whether there was statistical support for an effect of factors and interactions on traits, we evaluated P-values from each model, using the summary function of the ‘lmerTest’ R package (Kuznetsova et al., 2017).

We tested for variance in the intercept of plastic responses between families by means of a likelihood ratio test between the full random-intercept model and a model without the random effect of ‘family.’ We then fitted a model with additional random factors of the interaction between family and either climate scenario and heatwave treatment, a ‘full random-slopes model’ (specified as ‘climate scenario| family’ and/or ‘heatwave| family’). We tested for significant variation in the slopes of plastic responses of families to climate scenario and heatwave by means of a likelihood ratio test between the full random intercept model and full random slope models. The interaction between family and heatwave was never significant so we do not present results for it.

Date to first flower and chlorophyll content were recorded before the heatwave treatment, therefore the model for these trait did not include the fixed effects of heatwave treatment. All traits were fitted with lmer assuming a normal error distribution, with the exception of the number of flowers, total seed production and the probability of producing seeds. Of these, number of flowers and total seed production were analyzed using a generalized mixed effect model with a negative binomial distribution (glmer.nb function in ‘lme4’). The probability of producing seeds was analyzed using generalized mixed effects models (glmer function in ‘lme4’) with a binomial distribution. Longevity was analyzed using a proportional hazards Cox mixed effects model (coxme function in ‘coxme’ R package; Therneau, 2020). Again, the structure of fixed and random effects was identical to that for the other phenotypic traits.

Results for the traits seed mass, chlorophyll content and total seed production with lmer as well as details of the models are presented in Supplementary Tables 3, 4, respectively, and Supplementary Figure 2.



RESULTS


Thermal Physiology

Both warmer average growth temperatures and exposure to heatwaves altered thermal physiology in W. ceracea, however, there was no evidence of differences between high- versus low-elevation families in these responses.

The photosynthetic efficiency (Fv/Fm) of W. ceracea was reduced by both growth under future temperatures and heatwaves (Table 1 and Figures 2A,B). Plants grown under future conditions showed a more extreme reduction in Fv/Fm when also exposed to a heatwave (Figure 2B) than did the plants grown under historical conditions (Table 1 and Figure 2A), however the effect of the interaction between climate treatment and heatwave was marginal (P-value = 0.025).


TABLE 1. Effects of temperature treatments on thermal physiology traits: results from linear random intercept models.
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FIGURE 2. Reaction norms for thermal physiology traits in response to the heatwave treatment: (A,B) Fv/Fm, (C,D) Tcrit, (E,F) T50 and (G,H) Tmax. Panels on the left: historical climate scenario; panels on the right: future climate scenario. Gray and solid lines = high-elevation families; green and dotted lines = low-elevation families. Values were estimated from the models using the emmeans function in ‘emmeans’ package, in R; error bars are standard errors.


Despite the impairment of Fv/Fm, growth under future, warmer temperatures induced an increase in thermal tolerance limits of leaves (Table 1 and Figures 2C–H). Tcrit was on average 0.7°C higher under the future scenario (46.3 ± 0.1°C SE) than the historical (45.6 ± 0.1°C SE), and this difference is maintained in the other two parameters derived from the T-F0 curves, the temperature at 50% fluorescence (T50), and the temperature at maximum fluorescence (Tmax) (Table 1 and Figures 2C–H).

In contrast to the effects of growth conditions, exposure to a transient heatwave led to a reduction in both T50 and Tmax, but not in Tcrit, regardless of growth temperatures (Table 1 and Figures 2C–H). This trend was visible under both climate scenarios, but it was more pronounced under future temperatures where Tcrit was not affected by the heatwave (no hw = 46.2 ± 0.19°C SE vs. hw = 46.4 ± 0.20°C SE; Figure 2D), while under a historical scenario the heatwave consistently reduced thermal tolerance (no hw = 45.8 ± 0.18°C SE vs. hw = 45.4 ± 0.18°C SE; Figure 2C).

We did not find any evidence that the acclimation to future, warmer temperatures conferred resilience to heatwaves, as the effect of the interaction between heatwave and climate scenario on thermal tolerance metrics was negligible (Table 1). There was also no evidence of any effect of elevation (either as a main effect, or in an interaction) for any of the thermal physiology traits (Table 1).



Phenology, Longevity and Biomass

Families of W. ceracea from higher elevations flowered 9.6 ± 2.2 days SE earlier than families from lower elevations (Table 2 and Figure 3A). However, growth under a future, warmer scenario had little effect on flowering time, with plants flowering on average 1.0 ± 2.3 SE days earlier (Table 2 and Figure 3A).


TABLE 2. Effects of temperature treatments on phenology, biomass and longevity: results from linear random intercept models (flowering onset), from linear random slope models (biomass) and from Cox proportional hazards model (longevity).
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FIGURE 3. Reaction norms for phenology and biomass traits: (A) flowering onset in response to the climate scenario, (B,C) biomass in response to the heatwave treatment, panel on the left: historical scenario; panel on the right: future climate scenario. Gray and solid lines = high-elevation families; green and dotted lines = low-elevation families. Values were estimated from the models using the emmeans function in ‘emmeans’ package, in R; error bars are standard errors.


Under all treatment conditions, families from lower elevations produced more biomass than high-elevation families (Table 2 and Figures 3B,C). According to the main effects model, biomass of the individuals that survived until the end of the experiment was not affected by growth in a future, warmer scenario nor by exposure to heatwaves (Table 2 and Figures 3B,C). However, it seems that plants in historical conditions lost biomass, while those under future conditions accumulated biomass after a heatwave, although the effect of the interaction term between climate scenario and heatwave in our model is marginal (P-value = 0.028)(Table 2 and Figures 3B,C).

Before the heatwave exposure, mortality rates were low: 39 (out of the starting 360 plants, i.e., 10.3%) individuals (mostly from the future scenario treatment) died before heatwaves, presumably for reasons related to the conditions inside chambers, shading from neighboring larger plants, or poor initial health. We analyzed longevity from the end of the heatwaves to the end of the experiment. Toward the end of the experiment, as temperatures were lowered and day-length decreased, plants began to die. Longevity did not differ for high and low elevation plants (Table 2). The effect of climate scenario and of the interaction between climate scenario and heatwave on longevity were also negligible (Table 2). In absence of heatwaves, longevity remained high until the end of the experiment under both temperature conditions (Figure 4). However, when plants were exposed to heatwaves there was a substantial reduction in survival under both climate scenarios (Table 2 and Figure 4). Survival to the end of the experiment was 52.6 ± 4.1% SE for plants exposed to the heatwaves and 70.9 ± 3.6% SE for plants under non-heatwave growth conditions (Table 2 and Figure 4).
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FIGURE 4. Kaplan–Meier survival graph by longevity, analyzed as days from the end of the heatwave treatment to the end of the experiment, for the 321 plants alive at this point. The graph shows results for the interaction between factors ‘Heatwave’ and ‘Climate scenario.’ Kaplan–Meier curves were obtained using the survfit function in ‘survival’ package (random effects in Cox mixed effect model explain little of the variance, therefore results can be assumed to be comparable to a model without them). Curves were plotted using the ggsurvplot function in ‘survminer’ package. Dotted lines = no heatwave; solid lines = heatwave. Blue lines = historical climate scenario; red lines = future climate scenario. The effect of elevation was not significant and is not presented in this graph.




Reproductive Traits

Wahlenbergia ceracea from high and low elevation origins and experiencing the two climate scenarios differed in their investment in reproduction and reproductive outcomes. Individuals belonging to families from high elevations overall produced more flowers (Table 3 and Figures 5A,B). Under a historical climate, they also produced nearly three times more seeds than low-elevation individuals (Table 3 and Figure 5C), however, that advantage was nullified under a future climate scenario (Figure 5D). Overall the individual seed weight was reduced under a future climate (Table 3 and Figures 5E,F). We found a weak interaction effect between elevation and climate scenario on individual seed weight: under historical conditions high-elevation plants produced heavier seeds than low-elevation ones, however, when grown under a future scenario, high-elevation individuals produced lighter seeds, while low elevation individuals were not affected (Table 3 and Figures 5E,F). High elevation individuals had higher probabilities of producing seeds under a historical climate than individuals from lower elevations, but they underwent a steep reduction in this probability when grown under a future climate (Table 3 and Figures 5G,H).


TABLE 3. Effects of temperature treatments on fitness traits: results from generalized random intercept models [number of flowers, probability of producing any seeds and seed production (n)] and from linear random intercept models (individual seed weight).
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FIGURE 5. Reaction norms for fitness traits in response to the heatwave treatment: (A,B) number of flowers, (C,D) total seed production, (E,F) individual seed weight and (G,H) probability of producing any seeds. Panels on the left: historical climate scenario; panels on the right: future climate scenario. Gray and solid lines = high-elevation families; green and dotted lines = low-elevation families. Values were estimated from the models using the emmeans function in ‘emmeans’ package, in R; error bars are standard errors. Ind., individual; prob., probability.


Growth under the future climate scenario induced a higher flower production on average (Table 3 and Figures 5A,B), however, this did not translate into higher fitness, as the total seed production was lower and individuals had lower probabilities of producing any seeds (Table 3 and Figures 5C,D,G,H). Exposure to a heatwave in itself did not affect flower or seed production (Table 3).

Interestingly, despite the lack of a main heatwave effect on either flower production or the individual seed weight, individuals exposed to a heatwave in the future climate scenario halved the number of seeds produced (future scenario: no hw = 713 ± 196 SE vs. hw = 382 ± 111 SE; Supplementary Table 3, Table 3, and Figures 5C,D). Plants grown under historical conditions always produced more seeds, even when exposed to heatwaves (Figures 5C,D).



Variation Between Families in Intercepts and Slopes of Reaction Norms

Finally, there was evidence of variation among the 30 full-sibling families for flower production and flowering onset (Tables 2, 3) but not for thermal tolerance traits or longevity. Among the reproductive traits, total seed production did not vary among families, and we found only small variation between families in the individual seed weight. The proportion of the total variance accounted for by family ranged from 0.9% for T50 to 28.9% for flowering onset. The slopes of the family-level reaction norms (i.e., magnitude of the plastic response) varied for biomass production in response to growth conditions, but not in response to heatwaves (Table 2).



Thermal Safety Margins

Finally, as summary statistics, we calculated thermal safety margins for each individual as the difference between Tcrit and maximum temperatures during treatments. Because we were interested in the responses to a relative heatwave, i.e., 5°C rise in temperature relative to historical and future temperature conditions, heatwaves reached different maximum temperatures for historical (heatwave = 29/17°C day/night) and future climate scenarios (heatwave = 34/25°C day/night). In our experiment this also resulted in different thermal safety margins. We demonstrated that, despite acclimation of Tcrit to warmer temperatures, thermal safety margins were reduced by both future temperatures and heatwaves, but not their interaction (historical climate/no heatwave = 21.9 ± 0.2°C SE; future climate/no heatwave = 17.3 ± 0.2°C SE; historical/heatwave = 16.4 ± 0.1°C SE; future/heatwave = 12.4 ± 0.2°C SE).



DISCUSSION

In this study, we grew progeny of families from high and low elevations of an Australian alpine plant, W. ceracea, under climate scenarios to test whether acclimation to a warmer climate would confer tolerance of heatwaves and to find evidence of intraspecific variation in plastic responses over an elevational gradient. Growth under warmer temperatures induced higher photosynthetic thermal tolerance in W. ceracea, but also affected growth and phenology in complex ways and caused a significant reduction in overall fitness, while heatwaves caused higher mortality rates. We found that the interactive effect of exposure to both warmer temperatures and a heatwave impaired seed production and plant fitness. There was no evidence in any trait that acclimation to, and hence tolerance of, higher temperatures in a future scenario conferred any resilience to heatwaves. Finally, the demonstration of elevation effects and differences in plasticity among families in some traits have implications for selective processes acting upon genotypes and plastic responses that can buffer the negative effects of climate change. Below, we discuss the responses that led to the strong reduction in fitness, and consider these in the context of the impacts of rapid climate change on alpine species.


Plastic Responses to Warming, Heatwaves and Their Interaction


Thermal Physiology

Photosynthetic thermal tolerance can indicate the potential of a species to tolerate and acclimate to warming (Yamori et al., 2014; Zhou et al., 2018). Despite being adapted to cold environments, alpine plants generally show broad thermal tolerance, with upper thermal limits well above maximum air temperatures, and capacity to acclimate very quickly to warming (Atkin et al., 2006; Larcher et al., 2010; Leon-Garcia and Lasso, 2019).

In our experiment, growth under a warmer scenario induced a small (∼1°C) but significant acclimation of photosynthetic thermal tolerance in W. ceracea, at the cost of a small reduction in photosynthetic efficiency. Many plant species, including those in alpine environments, have wide plasticity in Tcrit, which can increase by up to 9°C under warming (Downton et al., 1984; Weng and Lai, 2005; Buchner et al., 2017), but there are also examples of species that do not show measurable plasticity in Tcrit (Krause et al., 2010, 2013). That plasticity in thermal tolerance in W. ceracea is only ∼1°C suggests that W. ceracea leaves might be experiencing occasional heat stress events in their natural environment close to their thermal limit (46–46.5°C). Indeed, despite air temperatures being low in alpine environments, under clear skies leaf surfaces exposed to intense sun radiation can very rapidly overheat during moments of wind stillness, reaching up to 50–55°C (Körner, 2003; Vogel, 2009; Larcher et al., 2010). Alternatively, during the experiment plants may have cooled their leaves through evapotranspiration given that they were not water stressed and may have only needed a small acclimation of the photosynthetic machinery.

Photosynthetic efficiency, Fv/Fm, has been widely used as an indicator of plant health and stress levels. In our experiment, the future scenario caused a reduction in Fv/Fm, but not so much to indicate that plants were chronically stressed or photosynthetically compromised. Reduced photosynthetic efficiency concurrent with an increase in thermal tolerance was also found by Buchner et al. (2017) and may represent a protective mechanism to reduce the excitation state of the photosystem II under stress through thermal dissipation (Krause, 1988; Buchner et al., 2017), thereby facilitating higher thermal tolerance.

In contrast with other alpine species that show physiological acclimation (De Boeck et al., 2016), thermal tolerance in W. ceracea was strongly affected by heatwaves. The number of studies that have looked at the effect of heatwaves on thermal tolerance is still limited, but similar results to ours were found by Aspinwall et al. (2019) in four Eucalyptus species that showed lower Fv/Fm and tissue damage after a 5-day heatwave, but also increased thermal tolerance measured by gas exchange. Tcrit, T50, and Tmax relate to three different points of T-F0 curves: while Tcrit reflects the thermostability of the photosystem II, the temperature threshold where damage begins to occur, Tmax represents its complete disruption (Kouřil et al., 2001; Neuner and Pramsohler, 2006; Ducruet et al., 2007; Ilík et al., 2007). We found that heatwaves did not affect Tcrit in W. ceracea, however, the effect of heatwaves became stronger moving along the T-F0 curve (Supplementary Figure 1) from Tcrit to T50 and then to Tmax, i.e., heatwaves did affect the speed of the disruptive processes [ΔT (Tcrit − Tmax); Kouřil et al., 2001] and the photosystem II was completely disrupted 8.3 ± 0.2°C SE above Tcrit (compared to 9.9 ± 0.2°C SE in the absence of heatwaves), resulting in lower thermal tolerance. Our results clearly show that the small photosynthetic acclimation of Tcrit, T50, and Tmax (at the cost of Fv/Fm) to a future, warmer scenario did not confer tolerance of higher temperatures during heat stress in W. ceracea, despite the effect of heatwaves being stronger under a historical scenario.

The present study focused on investigating temperature in isolation, however, it should be noted that heatwaves are often accompanied by drought. Although photosynthetic rates in W. ceracea are not reduced by moderate water limitation (Geange et al., 2017), drought can have strong negative effects on plants’ photosynthetic physiology, which are amplified when drought is concurrent to heatwaves (De Boeck et al., 2016). Therefore, we would predict W. ceracea to be more negatively affected by the combination of warming and heatwaves when precipitation also declines in the future (annual precipitation is projected to decrease by 0–20% by the year 2,100 in the Australian Alps region and snow cover will be limited to only the highest peaks, Harris et al., 2016). Heatwaves are also predicted to increase in frequency in the future due to climate change, such that plants will face repeated heatwave events. Such exposure to repeated heatwaves may in effect prime plants, conferring acclimation and resilience to future events (French et al., 2019). Research on plant responses to heatwaves and to extreme events is still scarce and future studies are warranted to tackle the different properties of such events.



Phenology and Reproductive Allocation

Contrary to many other species, we did not find evidence that W. ceracea advanced flowering onset (reproductive maturity) under warmer conditions. Temperature cues are usually used by plants to tune their reproductive phenology with the start of the growing season, but other factors, such as photoperiod, can also influence phenology (Wang et al., 2020). In previous work on W. ceracea, Nicotra et al. (2015) found advances in phenology in response to warming. However, in that study plants were grown under natural light, and the difference between cool and warm temperatures was 10°C (cool = 20/11°C; warm = 30/19°C day/night, as compared to our 5°C difference between historical and future scenarios). When we consider only individuals that flowered within the first 56 days in our experiment, we do find an effect of warmer temperatures in advancing maturity, therefore the lengthening of the photoperiod from the 51st day (Supplementary Table 2 and Figure 1 to mimic lengthening days in summer) or less frequent sampling from the 56th day may have confounded our results.

Though the shift in phenology was not statistically significant, W. ceracea did show significantly increased investment in flower production under warmed conditions. There are mixed reports of the effect of high temperatures on flower production. In Frei et al. (2014a), the number of inflorescences increases under warmer conditions. However, in other cases, flower production is not affected by warm temperatures (Choi et al., 2019) or can even be downregulated, as in the alpine plant Campanula tyrsoides (Scheepens and Stöcklin, 2013). Given that low temperatures usually limit and slow down growth in plants, W. ceracea and other alpine plants may take advantage of warmer temperatures to produce more flowers. Enhanced production of flowers may also be a response to compensate for the higher flower abortion and reduced flower longevity that can happen under warmer temperatures (Young et al., 2004; Pacheco et al., 2016).



Lifetime Fitness

Wahlenbergia ceracea is described as a short-lived perennial, most likely exhibiting a biennial strategy and a single reproductive event. Thus, survival to the end of the growing season is a good indicator of potential to produce seed. In our experiment, survival and total seed production were positively correlated (conditional R2 = 0.37; Supplementary Table 5 and Supplementary Figure 3), where individuals that died early produced fewer seeds.

Growth under future temperatures induced a strong inhibition of reproduction in W. ceracea, with a three-fold drop in seed production, and a reduction in average seed weight (Table 3, Supplementary Table 3, and Figures 5C–F). Moderate warming can affect development and longevity of flowers (Young et al., 2004; Pacheco et al., 2016), and heat stress during seed development and maturation inside capsules can reduce seed weight, germination and vigor and increase the number of shriveled and abnormal seeds (Shinohara et al., 2006; Hampton et al., 2013; Nakagawa et al., 2020). In general, germination and seed weight are positively correlated (Veselá et al., 2020; Ge et al., 2020), suggesting lower fitness in W. ceracea under future temperatures, but negative correlations were also found in a different alpine plant (Bu et al., 2007). The change in seed weight may indicate a parental effect, where parental plants alter investment to the endosperm and/or seed coat (Lacey et al., 1997), influence dormancy levels (Fenner, 1991) and/or diversify the timing of germination of their offspring to multiple seasons (Lampei et al., 2017; Satyanti et al., 2019). The reduction of the average seed weight could result in reduced viability or alter germination strategies; this will be investigated in a forthcoming experiment.

Plants exposed to a heatwave in a future scenario produced 72% fewer seeds relative to the mean seed production of plants in the rest of the treatments (Figures 5C,D). A major driver of that substantial reduction in fitness in our experiment was the higher mortality rates observed following heatwaves (Figure 4). Individuals that survived exposure to heatwaves in a future climate had greater biomass (Figures 3B,C), and it is therefore likely that those plants diverted investment to growth and preservation of organs, while stalling reproduction and limiting thermal tolerance.



Differences in Responses Due to Elevation of Origin

Intraspecific variation in traits and plasticity along elevation gradients has been invoked as a source of genetic variation that could buffer effects of climate change on alpine species (Henn et al., 2018; Heilmeier, 2019). Standing genetic variation is the raw material on which selection can act upon, assuming that at least part of the variation is heritable. Moreover, gene flow and/or migration of genotypes (or ecotypes) adapted to lower warmer sites may facilitate the spread of advantageous alleles to higher elevations (Anderson and Gezon, 2015; Moran et al., 2016).


Differences in Trait Means Between High- and Low-Elevation Populations

In a previous study on the same species, Nicotra et al. (2015) found variation in morphological and other growth-related traits across elevation as well as small, but significant, genetic differentiation between individuals from the two elevations, indicating some degree of adaptation to local conditions. In the present study, W. ceracea showed variation among the same populations in phenology, growth and fitness, but not in photosynthetic or thermal physiology. A lack of genetic or plastic variation in thermal physiology may indicate that both populations have historically experienced similar levels of temperature stress.

High-elevation populations of W. ceracea flowered earlier and increased flower production and consequently both seed mass and production (Tables 2, 3, Supplementary Table 3, Figures 3A, 5A–D, and Supplementary Figures 2A,B). At high elevations, the snow cover lasts for longer because lower air temperatures delay snow melt in spring and advance snowfall in autumn (Körner, 2003; Slattery, 2015). It follows that at high elevations, plants have to hasten growth until maturity and produce more flowers in order to take advantage of a shorter growing and reproductive season (Stinson, 2004; Ensing and Eckert, 2019). Of the plants that survived until the end of the experiment, those from low-elevation populations accumulated more biomass on average, indicating greater investment in vegetative growth, while the higher investment in reproduction and faster growth to maturity was associated with lower vegetative growth in high-elevation populations. This result is in line with Halbritter et al. (2018), who also found a clear trend of reductions in biomass with increasing elevations: in both cases, reduced stature may be a local adaptation to cooler air temperatures and stronger wind at high elevations (Körner, 2003).

Interestingly, under historical conditions, high-elevation individuals produced more seeds. Similarly, high-elevation individuals in Nicotra et al. (2015) produced heavier capsules and a higher total capsule mass, despite producing fewer capsules in total. High- and low-elevation populations of W. ceracea may have different optima such that historical temperatures in our experimental settings were optimal for high-, but sub-optimal for low-elevation individuals that inhabit a warmer environment and may be experiencing warmer temperatures than the ones in our baseline (1960–1970). However, high-elevation individuals produced a higher total capsules mass even under 30°C in Nicotra et al. (2015). Therefore, we hypothesize that the higher investment in seed production may be a further response to a shorter growing season in high-elevation individuals of W. ceracea.



Variation in Plasticity Along an Elevation Gradient

Despite these significant elevation effects, we only found evidence of variation in plastic responses to warmer temperatures along an elevation gradient (i.e., an elevation × climate scenario interaction) in the individual seed weight and the probability of producing seeds (Table 3). High-elevation plants underwent a steeper reduction in the probability of producing seeds and produced much lighter seeds under future temperatures (Figures 5E–H), suggesting lower seed viability or active responses (parental effects) to influence germination timing of their offspring. In contrast, Nicotra et al. (2015) found greater evidence for variation in plasticity with elevation in the same study species (but using field collected seed): low-elevation individuals showed higher plasticity in growth and leaf-related traits. Therefore, our results indicate that there is no genetic variation across elevations in plastic responses when seed are generated under common conditions. This result is in accordance with Geange et al. (2017), which found limited variation in plastic responses of high- and low-elevation populations of W. ceracea to water limitation. Nevertheless, W. ceracea may still present variation in plasticity along elevation gradients for other traits and/or in response to other climatic and habitat factors.

In addition, we only used individuals from populations along the main range portion of Kosciuszko National Park (NSW, Australia) and we cannot exclude the possibility that other populations of the species may show variation in plasticity along elevation gradients. Although we selected families from the highest and lowest elevation collections of the species within the park, W. ceracea occupies a continuous elevation gradient in Kosciuszko National park. Individuals from mid-elevations (1,755–1,830 m a.s.l) showed similar responses to high-elevation individuals (Nicotra et al., 2015) and gene flow among populations is likely to occur. However, gene flow could reduce variation in both plasticity and trait means between elevation classes. A lack of variation in plasticity, but not in trait means, suggests that traits can be under selection, but the genetic architecture that underlies plastic responses is suitable for both environments.



Variation in Plasticity Among Families

Despite phenotypic plasticity being widely assumed to be an adaptive response to heterogeneous environments and climate change, the vast majority of studies that investigated responses to heat have ignored any associations with fitness-related traits, making it difficult to argue for the adaptive value of plasticity (Arnold et al., 2019). For selection to act upon plasticity, there has to be intraspecific variation in the extent of plasticity (i.e., in the slope of reaction norms). In this study, we did not find any evidence of variation in plasticity between families except for biomass, but we did find significant variation in trait means of fitness-related traits and flowering onset. Our results suggest that some families have higher fitness than others, but without variation in plasticity, it is not possible for to selection to act on plasticity.



Implications for Persistence of W. ceracea Under Climate Change

The use of climate model projections to implement realistic historical and future climatic conditions under controlled environments has been widely adopted in ecological research and is providing informative results on species responses and persistence under climate change (Harris et al., 2014). In our experiment, the implementation of realistic night temperatures was limited by technical reasons because growth chambers could not cope with the large temperature shift of the Australian alpine climate. However, previous studies have shown that night warming can promote acclimation to warm days, increasing photosynthetic capacity, and root and total biomass of plants (Turnbull et al., 2002; Su et al., 2020); therefore, we do not expect that this experimental limitation would have affected our overall pattern of results.

Although thermal safety margins in W. ceracea remained wide even under our treatments, they may be more easily exceeded in a future, warmer climate due to the leaf-air temperature decoupling. Under future climate scenarios and heatwaves, survival and fitness were severely hampered. We suggest that processes other than the photosystem II might well be disrupted under warmer conditions. If more individuals die and far fewer seeds are produced in future, W. ceracea will likely experience a reduction in population size, which could result in a contraction of its range. This may in turn lead to an upward movement of species from lower, warmer elevations and to a replacement of W. ceracea in its lower range limit. Seeds of W. ceracea are most likely dispersed by gravity and wind, limiting the dispersal capacity of the species (Morgan and Venn, 2017). Given that heatwaves affect survival in W. ceracea even under historical conditions, this successional process might already be occurring, as it is in the European Alps (Steinbauer et al., 2018).



CONCLUSION

Here we have demonstrated that the alpine herb W. ceracea can acclimate photosynthesis to moderate warming, resulting in higher Tcrit, T50, and Tmax, and that thermal tolerance exceeds projected future temperatures and heatwaves. However, thermal safety margins will potentially be exceeded more often in the future as the narrow and daytime rapid overheating due to solar radiation become more frequent and intense. Warmer growth temperatures stimulated flower production, but also hampered seed development. Exposure to heatwaves reduced thermal tolerance and strongly reduced longevity of plants. We sought to determine whether growth under future, warmer temperatures would ameliorate or worsen the effects of heatwaves. We found that reduced longevity after heatwaves caused a further reduction in seed production under a future climate scenario where many individuals did not produce seed. We did not find evidence that individuals acclimated to future temperatures had greater thermal tolerance after heatwave exposure compared to individuals grown under historical conditions.

We were able to add flower phenology and biomass to the list of morphological and growth traits that show genetic variation in W. ceracea along an elevational gradient. However, despite genetic variation, we did not find evidence that high- and low-elevation populations responded differently to climate change. We found little evidence of intraspecific variation in plasticity, suggesting that responses are consistent among families due to gene flow and/or climatic similarity along the elevation gradient.

We interpret our results as indicating increased chances for W. ceracea to be replaced on its lower range limits by lower elevation species and be constricted to the higher end of its range, but there is potential that the species might have the capacity to adapt to novel climatic conditions through selection on standing genetic variation. Nevertheless, future studies should consider adding replicates of the elevation gradient across a broader geographic range to test the generality of our results for W. ceracea and/or other Australian alpine plants. Finally, our study shows that not all alpine species are resilient to heatwaves. We suggest that future studies aimed at understanding the fate of plants under climate change should also consider how warmer growth temperatures will affect responses to heatwaves, drought, and their three-way interaction, and how growth temperatures affect plant responses to heatwaves of different intensities, frequencies and duration.
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e()*hw 0.081 0.068 0.237 —0.325 0.369 0.38 —0.24 0.436 0.583 —0.208 0.58 0.72

Random effects:

Family
Position
Residual

Marginal R?: 0.242
Condittional R?: 0.258

var Pr(ML)
NA NA
0.0016 1.0000
0.0759

Marginal R%: 0.070
Condittional R?:0.112

var Pr(ML)
0.0334 0.6405
0.0894 0.2351
2.5692

Marginal R%: 0.092
Conditional R?: 0.120

var Pr(ML)
0.0352 0.7169
0.0799 0.4409
3.6363

Marginal R?: 0.151
Conditional R2: 0.156

var Pr(ML)

NA NA
0.044 0.7983
6.5914

Main effects model has no interactions; full model has all 2-way interactions. 3-way interactions were never significant and results for them are not presented. The
intercept corresponds to high elevation, historical climate and no heatwave, and other parameter values are relative to this. Significant results, as for P-value < 0.01 from
the ImerTest package in R, are presented in bold. e(l) = elevation (low); c(f) = climate (future); hw = heatwave; est. = estimated effect; Pr(ML) = P-value of the likelihood
ratio test between the models with and without the random effect. Random effects parameters are the variance components associated with that random effect.

* = multiplication.
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Flowering onset (In) Biomass (g) Longevity
Main effects model: Est. (se) P-value Est. (se) P-value Est. (se) P-value
Intercept 3.594 0.064 NA 16.87 1.536 NA NA NA NA
Elevation (low) 0.252 0.08 0.004 3.18 1.376 0.028 1.063 1.186 0.72
Climate (future) —-0.027 0.035 0.448 0.322 1.346 0.813 1.14 1.18 0.43
Heatwave NA NA NA 1.7 1.083 0.119 1.585 1.179 0.005
Block (B) —0.152 0.044 0.001 —2.534 1.363 0.065 1.105 T.221 0.62
Block (C) —0.046 0.043 0.287 —1.639 1.323 0.218 0.984 1.226 0.94

Marginal R%: 0.102 Marginal R?: 0.068 Marginal R?: 0.038

Conditional R?: 0.387 Conditional R?: 0.434 Condittional R?: 0.342
Full model: Est. (se) P-value Est. (se) P-value Est. (se) P-value
Fixed effects:
Intercept 3.604 0.066 NA 18.845 1.732 NA NA NA NA
Elevation (low) 0.233 0.086 0.01 0.587 1.942 0.764 1.21 1.334 0.51
Climate (future) —0.046 0.048 0.345 —2.422 2.001 0.234 0.949 1.339 0.86
Heatwave NA NA NA —5.364 1.694 0.002 1.336 1.323 0.3
Block (B) —0.153 0.044 0.001 —2.422 1.323 0.07 1.096 1.221 0.65
Block (C) —0.047 0.043 0.284 —1.724 1.277 0.18 0.981 1.226 0.93
e()*c(f) 0.04 0.071 0.567 2.181 2.666 0.42 0.828 1.386 0.56
c(f)*hw NA NA NA 4.748 2.139 0.028 1.658 1.393 0.13
e()*hw NA NA NA 3.822 2.234 0.089 0.902 1.413 0.77

Marginal R2: 0.103 Marginal R%: 0.100 “Marginal R?: 0.050

Conditional R?: 0.389 Conditional R?: 0.487 Conditional R?: 0.353
Random effects: var Pr(ML) var Pr(ML) var Pr(ML)
Family 0.0388 <<0.001 4.009 0.0862 0.0003 0.9016
Position NA NA 15.541 0.0001 0.3593 <<0.001
Climate| family(slope) NA NA 20.019 0.0436 NA NA
Residual 0.0956 35.806

Main effects model has no interactions; full model has all 2-way interactions. 3-way interactions were never significant and results for them are not presented. Estimates
and standard error for flowering onset are in the logarithmic scale. Estimates from the Cox model correspond to the hazard ratio, so positive parameter estimates indicate
increased mortality. NA = factor not included in the model for that trait or result not provided by the model. The intercept corresponds to high elevation, historical climate
and no heatwave, and other parameter values are relative to this. Significant results, as for P-value < 0.01 from the ImerTest package in R, are presented in bold.
e(l) = elevation (low); c(f) = climate (future); hw = heatwave; est. = estimated effect; Pr(ML) = P-value of the likelihood ratio test between the models with and without the
random effect. Random effects parameters are the variance components associated with that random effect. The slope variation term (random effect climate| family, i.e.,
variation in plastic responses to climate treatment between families) is significant and therefore included in the model only for biomass. Given that a standardized method
to calculate marginal R? is not available for Cox proportional hazards mixed effect models, we approximated it calculating the R? coefficient proposed by O'Quigley et al.

(2005) on a model without random effects, i.e., on a Cox proportional hazards model with the same fixed effect structure.
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Probability of producing

Number of Flowers Number of seeds Individual seed weight seeds
Main effects model: Est. (se) P-value Est. (se) P-value Est. (se) P-value Est. (se) P-value
Intercept 3.361 0.142 NA 7.739 0.353 NA 23.128 1.341 NA 2.251 0.428 NA
Elevation (low) —0.344 0.143 0.016 -0.54 0.272  0.047 0.245 1.383 0.861 —0.553 0.346 0.111
Climate (future) 0.225 0.087 0.01 -1.194 0261 <0.0001 -3.28 1.058 0.002 —-2122 0.334 <0.0001
Heatwave —0.146 0.086 0.09 -0.127 0.261 0.628 1.218 0.996 0.223 0.233 0.294 0.428
Block (B) 0.028 0.106 0.789 0.187 0.317  0.556 0.398 1.243 0.749 0.424 0.365 0.245
Block (C) 0.004 0.108 0.97 0.116 0.32 0.718 0.491 1.256 0.696 0.366 0.356 0.304

Marginal R?: 0.079 Marginal R?: 0.192 Marginal R%: 0.043 Marginal R?: 0.243

Conditional R2: 0.377 Conditional R2: 0.214 Conditional R2: 0.143 Condittional R?: 0.353
Full model: Est. (se) P-value Est. (se) P-value Est. (se) P-value Est. (se) P-value
Fixed effects:
Intercept 3.342 0.158 NA 7.668 0.389 NA 23.357 1.463 NA 2.632 0.624 NA
Elevation (low) -0.4 0.187 0.033 -1.016 0.439  0.021 —1.526 1.821 0.404 —1.243 0.669 0.063
Climate (future) 0.361 0.143 0.012 —0.985 0.43 0.022 —4.002 1.758 0.024 —286 0.628 <0.0001
Heatwave —-0.171 0.147 0.244 0.173 0.419 0.679 2.214 1.49 0.139 1.03 0.734 0.16
Block (B) 0.032 0.106 0.765 0.17 0.316  0.59 0.294 1.225 0.811 0.418 0.367 0.254
Block (C) 0.007 0.107 0.95 0.108 0.316  0.734 0.62 1.239 0.617 0.372 0.36 0.301
e()c(f) —0.109 0.171 0.524 0.566 0.532  0.288 4.872 2.085 0.02 1.529 0.715 0.032
c(f)*hw -0.17 0.169 0.317 —0.953 0.501 0.057 —3.054 2.08 0.144 —0.475 0.673 0.48
e()*hw 0.209 0.186 0.262 0.341 0506 0.5 0.202 1.974 0.144 —0.839 0.651 0.198

Marginal R?: 0.070
Conditional R2: 0.361

Marginal R?: 0.220
Conditional R2: 0.259

Marginal R?: 0.072
Condittional R?: 0.164

Marginal R?: 0.328
Condittional R?: 0.426

Random effects:

Family
Position
Residual

var.(int.) Pr(ML)
0.0846 0.0002
0.1243 <<0.001

var.(int.) Pr(ML)
0.092 0.4369
NA NA

var.(int.) Pr(ML)
6.114 0.0202
NA NA
55.367

var.(int.) Pr(ML)
0.1793 0.0566
0.3845 0.0746

Main effects model has no interactions; full model has all 2-way interactions. 3-way interactions were never significant and results for them are not presented. NA = factor
not included in the model for that trait or result not provided by the model. The intercept corresponds to high elevation, historical climate and no heatwave, and other
parameter values are relative to this. Significant results, as for P-value < 0.01 from the ImerTest package in R, are presented in bold. e(l) = elevation (low); c(f) = climate
(future); hw = heatwave; est. = estimated effect; Pr(ML) = P-value of the likelihood ratio test between the models with and without the random effect. Random effects
parameters are the variance components associated with that random effect.





